Abstract Purpose: The present study was designed to determine biological structure-activity relationships for four newly synthesized analogues of natural compounds (makaluvamines). The compounds, 7-(4-fluorobenzylamino)-1, 3,4,8-tetrahydropyrrolo[4,3,2-de] quinolin-8(1H)-one (FBA-TPQ); 7-(phenethylamino)-1, 3,4,8-tetrahydropyrrolo[4,3,2-de] quinolin-8(1H)-one (PEA-TPQ); 7-(3,4-methylenedioxyphenethylamino)-1, 3,4,8-tetrahydropyrrolo[4,3,2-de]quinolin-8(1H)-one (MPA-TPQ); and 7-(3,4-dimethoxyphenethylamino)-1, 3,4,8-tetrahydropyrrolo[4,3,2-de]quinolin-8(1H)-one (DPA-TPQ), were synthesized and purified, and their chemical structures were elucidated on the basis of physicochemical constants and nuclear magnetic resonance spectra. Experimental Design: The structure-activity relationship of the compounds was initially evaluated by comparing their in vitro cytotoxicity against 14 human cell lines. Detailed in vitro and in vivo studies were then done in MCF-7 and MDA-MB-468 breast cancer cell lines. Results: The in vitro cytotoxicity was compound, dose, and cell line dependent. Whereas all of the compounds exerted some activity, FBA-TPQ was the most potent inducer of apoptosis and the most effective inhibitor of cell growth and proliferation, with half maximal inhibitory concentration values for most cell lines in the range of 0.097 to 2.297 μmol/L. In MCF-7 cells, FBA-TPQ exposure led to an increase in p53/p-p53, Bax, ATM/ p-ATM, p-chk1 and p-chk2, and p-H2AX; and cleavage of poly(ADP)ribose polymerase, caspase-3, caspase-8, and caspase-9. It also decreased the levels of MDM2, E2F1, Bcl-2, chk1/2, and proteins associated with cell proliferation [cyclin-dependent kinase (Cdk)2, Cdk4, Cdk6, cyclin D1, etc.]. Moreover, FBA-TPQ inhibited the growth of breast cancer xenograft tumors in nude mice in a dose-dependent manner. Western blot analysis of the xenograft tumors indicated that similar changes in protein expression also occur in vivo. Conclusion: Our preclinical data indicate that FBA-TPQ is a potential therapeutic agent for breast cancer, providing a basis for the development of the compound as a novel anticancer agent.
Breast cancer poses a major health problem worldwide. Although the mortality rate has decreased as a result of earlier detection and more aggressive treatment/prevention strategies, new therapies are still needed to further improve the survival of breast cancer patients, especially those with estrogen receptor/ progesterone receptor/ human epidermal growth factor receptor (Her)2-negative disease. In the search for novel cancer therapeutic agents, various plant and animals species have provided lead compounds for further development (1) . For example, a large number of bioactive marine alkaloids with novel structures have been isolated from marine sponges; some of these compounds have exhibited a variety of antitumor activities (2) .
One class of marine alkaloids containing a pyrrolo [4,3,2-de] quinoline skeleton has received increasing attention as a source of new anticancer drugs (3) (4) (5) (6) (7) (8) . There has been a rapid growth of interest in their synthesis and biological evaluation (reviewed in refs. [9] [10] [11] . Several of these makaluvamine compounds have exhibited in vitro cytotoxicity against human cancer cell lines, which was initially attributed to topoisomerase II inhibition (12) . However, we and others have observed that topoisomerase II inhibition is not the only mechanism that is responsible for the cytotoxicity of makaluvamines (13, 14) . Moreover, Dijoux et al. have shown that some makaluvamines cause direct DNA damage under reductive activation conditions (15) .
Although the enthusiasm for some of the makaluvamines has been dampened by their lack of a novel mechanism of action (because effective topoisomerase inhibitors are already available in the clinic), the compounds have sufficient (unrelated to topoisomerase II) activity to warrant further consideration. We have recently developed a synthetic route for generating makaluvamines in our laboratory (13) . Using this method, we have synthesized >40 novel makaluvamine analogues and have evaluated their anticancer activities (14, 16) . In the present study, we compared the anticancer activity of four novel makaluvamine analogues against a variety of cancer cell lines. The structures of the four makaluvamine analogues are given in Fig. 1A . The compounds exerted their most potent effects against breast cancer cell lines, so we focused our in-depth studies in models of breast cancer. Because 7-(4-fluorobenzylamino)-1,3,4,8-tetrahydropyrrolo [4,3,2-de] quinolin-8(1H)-one (FBA-TPQ) was the most effective of the four compounds, we accomplished further in vitro and in vivo studies of this compound and examined the possible molecular mechanisms responsible for its anticancer activity. Chemicals and reagents. All chemicals and solvents used were of the highest analytic grade available. Cell culture supplies and media, PBS, fetal bovine serum, sodium pyruvate, nonessential amino acids, and penicillin/streptomycin were obtained from the Comprehensive Cancer Center Media Preparation Shared Facility, University of Alabama at Birmingham (Birmingham, AL). Anti-human MDM2 (SMP14), Bcl-2 (100), Bax (N-20), E2F1 (KH95), cyclin-dependent kinase (Cdk)2 (M2), Cdk4 (H-22), Cdk6 (C-21), cyclin D1 (DCS-6), ATM (2C1), ATR (N-19), Chk1 (G-4), Chk2 (B-4), and poly(ADP)ribose polymerase (PARP; H-250) antibodies were from Santa Cruz Biotechnology, Inc. The anti-human p53 (Ab-6) antibody was from EMD Chemicals, Inc.; the caspase-3, caspase-8, caspase-9, Chk1 (Ser317), p-Chk2 (Thr68), and p-p53 (ser15) antibodies were from Cell Signaling Technology, Inc. Antibodies against p-ATM (Ser1981) and p-H2AX (Ser139) were from Millipore.
Materials and Methods
Cell culture. Human cancer cells were obtained from the American Type Culture Collection. All cell culture media contained 10% fetal bovine serum and 1% penicillin/streptomycin. Human breast cancer cell lines included MCF-7, MCF-7 p53 knockdown (MCF-7 p53 -/-), and MDA-MB-468. MCF-7 cells were grown in MEM containing 1 mmol/L nonessential amino acids and Earle's balanced salt solution, 1 mmol/L sodium pyruvate, and 10 mg/L bovine insulin. MCF-7 p53
-/-cells were grown in the same media containing 0.5 μg/ml puromycin (Sigma). MDA-MB-468 cells were grown in DMEM:Ham's F-12 (1:1 mixture). The human prostate cancer cell lines used for the study were LNCaP and PC3. LNCaP cells were cultured in RPMI 1640 containing 10% fetal bovine serum, 2 mmol/L L-glutamine, 10 mmol/L HEPES, 1 mmol/L
Translational Relevance
There is an urgent need to develop novel agents for human cancer therapy. Although the mortality rate for breast cancer patients has decreased, new therapies are still urgently needed, especially for patients who are estrogen receptor/progesterone receptor/ human epidermal growth factor receptor (Her)2 negative. We have recently generated a number of novel synthetic analogues of the marinederived makaluvamine compounds. These synthetic compounds represent a new generation of anticancer agents and have high potency against several cancers, including breast cancer. In the present study, we showed that all four of the novel compounds evaluated, but particularly 7-(4-fluorobenzylamino)-1,3,4,8-tetrahydropyrrolo[4,3,2-de]quinolin-8 (1H)-one, exerted potent in vitro and in vivo anticancer activities against models of human breast cancer. These data provide a basis for future pharmacology and toxicology studies, and clinical trials of these agents. Although further investigation is needed, our data indicate that the synthetic makaluvamine analogues could potentially improve patient survival by providing a new chemotherapeutic agent for breast cancers. These results may also help determine the effects of the new compounds in other types of human cancers in the future. Cell survival assay. The effects of the test compounds on human cancer cell viability, expressed as the percentage of cell survival, were determined with the use of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells were grown in 96-well plates at 4 × 10 3 to 5 × 10 3 cells per well and exposed to different concentrations of the test compounds (0, 0.01, 0.1, 0.5, 1, 5, or 10 μmol/L). After incubation for 72 h, 10 μL of the MTT solution (5 mg/mL; Sigma) were added into each well. The plates were incubated for 2 to 4 h at 37°C. The supernatant was then removed, and the formazan crystals were dissolved with 100 μL of DMSO. The absorbance at 570 nm was recorded with the use of an OPTImax microplate reader (Molecular Devices). The cell survival percentages were calculated by dividing the mean absorbance of the compound-containing wells by that of the DMSO-containing control wells. Three separate experiments were accomplished to determine the half maximal inhibitory concentration values.
Cell proliferation assay. The effects of the compounds on cell proliferation were determined with the use of the bromodeoxyuridine incorporation assay (Oncogene) according to the manufacturer's instructions. In brief, cells were seeded in 96-well plates (8 × 10 3 to 1.2 × 10 4 cells per well) and incubated with various concentrations of the makaluvamine analogues (0, 0.01, 0.1, and 1.0 μmol/L) for 24 h. Bromodeoxyuridine was added to the medium 10 h before the termination of the experiment. The bromodeoxyuridine incorporated into cells was determined by anti-bromodeoxyuridine antibody, and MCF-7 and MDA-MB-468 cells were exposed to various concentrations of the compounds for 24 h, followed by measurement of cell proliferation via the bromodeoxyuridine assay. All assays were done in triplicate. The proliferation index is in comparison with untreated cells ( # P < 0.05; *P < 0.01). C, induction of apoptosis in breast cancer cells by FBA-TPQ, PEA-TPQ, MPA-TPQ, and DPA-TPQ. MCF-7 and MDA-MB-468 cells were exposed to various concentrations of the compounds for 48 h, followed by measurement of apoptosis by Annexin V assay/flow cytometry. The apoptotic index was calculated against untreated control cells ( # P < 0.05; *P < 0.01).
absorbance was measured at dual wavelengths of 450/540 nm with the use of an OPTImax microplate reader (Molecular Devices).
Detection of apoptosis. Following a similar protocol as above, cells in early and late stages of apoptosis were detected with the use of an Annexin V-FITC apoptosis detection kit from BioVision according to the manufacturer's protocol. For apoptosis experiments, 2 × 10 5 to 3 × 10 5 cells were exposed to the test compounds (0, 0.1, and 1.0 μmol/L) and incubated for 48 h before analysis. The cells were collected and washed with serum-free media. The cells were then resuspended in 500 μL of Annexin V-binding buffer followed by the addition of 5 μL of Annexin V-FITC and 5 μL of propidium iodide. The samples were incubated in the dark for 5 min at room temperature and were analyzed with a Becton Dickinson FACSCalibur instrument (excitation, 488 nm; emission, 530 nm). The cells that were positive for Annexin V-FITC alone (early apoptosis), and Annexin V-FITC and propidium iodide (late apoptosis) were counted.
Cell cycle measurements. To determine the effects of the makaluvamine analogues on the cell cycle, a protocol similar to that described above was used. Cells (2 × 10 5 to 3 × 10 5 ) were exposed to the test compounds (0, 0.01, 0.1, and 1 μmol/L) and incubated for 24 h before analysis. The cells were trypsinized, washed with PBS, and fixed in 1.5 mL of 95% ethanol at 4°C overnight, followed by incubation with RNase and staining with propidium iodide (Sigma). The DNA content was determined by flow cytometry. Western blot analysis. The protein levels in cell lysates and tissue homogenates were assessed with the use of methods described previously (17, 18) . In the in vitro studies, cells were exposed to various concentrations of FBA-TPQ for 24 h. For ATM, p-ATM, and ATR, 3% to 8% NuPAGE Tris-acetate gels (Invitrogen) were used for proper separation of the proteins. Other western blot experiments were carried out by regular SDS-PAGE. Cell lysates with identical amounts of protein were fractionated and transferred to Bio-Rad Trans-Blot nitrocellulose membranes (Bio-Rad Laboratories). The nitrocellulose membrane was incubated in blocking buffer (TBS containing 0.1% Tween 20 and 5% nonfat milk) for 1 h at room temperature. Then the membrane was incubated with the appropriate primary antibody overnight at 4°C or 2 h at room temperature with gentle shaking. The membrane was washed thrice with rinsing buffer (TBS containing 0.1% Tween 20) for 15 min and then incubated with goat anti-mouse/rabbit IgG-horseradish peroxidase-conjugated antibody (Bio-Rad) for 1 h at room temperature. After repeating the washes in triplicate, the protein of interest was detected by enhanced chemiluminescence reagents from PerkinElmer LAS, Inc.
Data and statistical analysis. Experimental data are expressed as means and SDs, and the significance of differences was analyzed by AN-OVA or Student's t test as appropriate.
Results
Initial screening for in vitro growth inhibition. The four compounds were first tested for their in vitro cytotoxicity with the use of the MTT assay. Thirteen cell lines representing six types of human malignancies (breast, prostate, lung, pancreatic, colon, and brain) and one "normal" (nonmalignant) fibroblast cell line were cultured with test compounds at concentrations in the range of 0.01 to 10 μmol/L for 72 hours; then cell viability was determined. The inhibitory effects of these compounds on cell growth are presented in Table 1 . Of the four compounds, FBA-TPQ consistently showed greater activity in all of the cell lines. In general, the IMR90 cells were slightly less sensitive to the compound than the other cell lines. On the other hand, the breast cancer cell lines were the most sensitive to the compounds. For this reason, we further evaluated the activity of FBA-TPQ compared with the other three compounds in breast cancer cell lines. Inhibition of cell proliferation by the compounds. In a dosedependent manner, all four of the makaluvamine analogues inhibited cell proliferation (Fig. 1B) . The antiproliferative effects were seen in both MCF-7 (p53 wild-type) and MDA-MB-468 (which are p53 mutant) cell lines. Again, FBA-TPQ was the most active compound in both cell lines, although the MCF-7 cells were more sensitive to the compounds than the MDA-MB-468 cells, with three of the four compounds significantly decreasing proliferation at the 0.01 μmol/L concentration in the MCF-7 cells.
Induction of apoptosis in human breast cancer cells. Because cell survival was dramatically reduced in all cell lines but there were differences in the effects of the compounds on proliferation, we next evaluated whether the compounds induced apoptosis. As illustrated in Fig. 1C , all four of the compounds induced significant apoptosis in a dose-dependent manner in the MDA-MBA-468 cells. With regard to apoptosis, the MCF-7 cells were less sensitive, but all of the compounds except MPA-TPQ led to significant apoptosis at the 1 μmol/L concentration. At 1 μmol/L, FBA-TPQ showed more potent effects relative to the other compounds in both cell lines.
Effects of the makaluvamine analogues on cell cycle arrest. As in the case of apoptosis, the MDA-MB-468 cells were more sensitive to the effects of the compounds on cell cycle progression. The 1 μmol/L concentration of MPA-TPQ and DPA-TPQ induced a significant increase in the number of cells in the S phase (P < 0.05) as did FBA-TPQ and PEA-TPQ (P < 0.01). Even at the 0.1 μmol/L concentration, FBA-TPQ led to a significant (P < 0.05) increase in the number of cells in the S phase.
FBA-TPQ was also the only compound that caused significant (P < 0.01) S-phase cell cycle arrest at the 1 μmol/L concentration in the MCF-7 cells (Table 2 ). In the MCF-7 cells, PEA-TPQ induced a significant increase in the number of cells in the G 2 -M phase (P < 0.01) at the 0.1 μmol/L concentration, and MPA-TPQ induced arrest in the G 1 phase (P < 0.01; Table 2 ). The differences in the responses of the different cell lines may be related to their expression of p53.
FBA-TPQ affects proteins associated with cell cycle progression, apoptosis, and the DNA damage response. We investigated the possible mechanisms responsible for the antiproliferative, proapoptotic, and cell cycle regulatory effects of FBA-TPQ by evaluating its effects on the expression level of various proteins involved in regulating cell cycle progression, apoptosis, and the response to DNA damage ( Fig. 2A-C) . In the MCF-7 cells, FBA-TPQ activated p53; increased the cleavage of PARP, Caspase-3, Caspase-8, and Caspase-9; activated ATM/p-ATM and ATR (at the lower concentrations); and led to increased phosphorylation of Chk1, Chk2, p53, and H2AX. The compound also downregulated MDM2, E2F1, Cdk2, Cdk4, Cdk6, Cyclin D1, Cdc2, Cdc25c, and Bcl-2 ( Fig. 2A and B) . In the MCF-7 p53
-/-cells and MDA-MB-468 (p53 mutant) cells, similar effects were observed for almost all of the proteins, indicating that FBA-TPQ can exert its effects via the DNA damage response and decreased cell cycle progression/increased apoptosis in a p53-independent manner ( Figs. 2A and B, and 3A) . To confirm these results, HCT116 cells with wild-type p53 expression or with p53 deleted were examined (Fig. 3B) . Similar to the effects on breast cancer cells, in the p53 wild-type cells FBA-TPQ increased p53, and in both the wild-type and p53 knockdown (p53 -/-) HCT116 cells, FBA-TPQ inhibited MDM2 and increased PARP cleavage.
In vivo activity against human breast cancer xenograft tumors. After our observations of its potent in vitro effects, FBA-TPQ was evaluated in a mouse MCF-7 xenograft model of breast cancer. The compound was given at 5 mg/kg/d, 3 d/wk for 3 weeks; 10 mg/kg/d, 3 d/wk for 2 weeks; or 20 mg/kg/d, 3 d/wk Table 2 . Effects of FBA-TPQ, PEA-TPQ, MPA-TPQ, and DPA-TPQ on the cell cycle progression of breast cancer cells for 1 week. The highest dose inhibited MCF-7 xenograft tumor growth by about 71.6% on day 18. Even the lowest (5 mg/kg) dose led to significant (36.2%; P < 0.001) tumor growth inhibition ( Fig. 4A and B) . There was no significant loss of body weight at the 5 mg/kg dose, although there was weight loss at the higher doses (Fig. 4C) . Interestingly, the patterns of protein expression in the treated xenograft tumors were essentially the same as those observed in vitro (Fig. 4D ). These data support that there are multiple pathways involved in the anticancer activity of this test compound, which may provide a basis for future biomarker and mechanistic studies of this class of compounds in both the preclinical and clinical settings.
Discussion
This study represents the first attempt to systematically evaluate the anticancer activities of novel synthetic makaluvamine analogues in in vitro and in vivo human cancer models. We have shown several important points: (a) the anticancer activity of the makaluvamine analogues is dose, structure, and cell type dependent; (b) although induction of apoptosis is the major mechanism responsible for the cytotoxicity of the compounds, antiproliferative and cell cycle inhibitory effects were also observed; (c) the most active compound, FBA-TPQ, activated p53 and regulated the expression of cell cycle-related, apoptosis-related, and DNA damage-related proteins, including MDM2, E2F1, Cdk2, Cdk4, Cdk6, Cyclin D1, Bcl-2, PARP, Caspase-3, Caspase-8, Caspase-9, ATM/p-ATM, ATR, p53/p-p53, and p-H2AX; (d) the anticancer activity was not dependent upon the p53 status of the cells; (e) FBA-TPQ decreased the growth of xenograft tumors in mice in a dose-dependent manner; and (f) similar changes in protein expression were observed in vitro and in vivo after exposure to FBA-TPQ.
The present data showed that there is a structure-activity relationship for the synthetic makaluvamine analogues. In general, for most cell lines, the order of activity was FBA-TPQ>PEA-TPQ>MPA-TPQ>DPA-TPQ. The compound FBA-TPQ consistently showed the best activity. The biological activities of the compound are apparently related to the types of modifications linked to the core structure. Because FBA-TPQ exerted the most potent effects, and DPA-TPQ and MPA-TPQ exerted lesser effects in all cell lines, it seems that a smaller side chain group may allow for enhanced activity of the compounds.
After evaluating the effects of the compounds on proliferation, apoptosis, and cell cycle progression, we concluded that apoptosis (likely as a result of the activation of the DNA damage response) was the main mechanism by which the compounds exert their effects. This is supported by the activation of several apoptosis-related proteins observed by western blotting. More importantly, the compounds were more cytotoxic to , and MDA-MB-468 cells were exposed to the compound for 24 h; then target proteins related to the DNA damage response were examined by western blotting (A). To confirm the effects observed in breast cancer cells, another pair of cells lines, human colon cancer HCT116 and p53 knockdown HCT116 (HCT116 p53 -/-) cells were exposed to the compound and examined for expression of selected proteins by western blotting (B). -/-), and MDA-MB-468 breast cancer cells were exposed to several concentrations of the compound for 24 h; then target proteins related to cell cycle progression (A) or apoptosis (B) were examined by western blotting.
the cancer cell lines examined than to the primary fibroblasts. This suggests that the compound may preferentially induce apoptosis in cancer cells.
After our observation that FBA-TPQ exerted potent in vitro effects against breast cancer cells, we initiated an in vivo study to determine whether the compound could inhibit tumor growth in a MCF-7 xenograft model of breast cancer. A dose of 5 mg/kg given 3 d/wk led to nearly 40% tumor growth inhibition. Future pharmacokinetic studies of this compound, compared with its analogues, are warranted to determine whether the toxicity noted in the mice receiving the higher doses can be prevented by using a different formulation or route of administration.
Of note, human cancer cell lines were responsive to the compounds regardless of their p53 status, exhibiting decreases in survival and proliferation, and increases in apoptosis and cell cycle arrest regardless of their genotype. The activation of p53 is a major mechanism of action for many DNA-damaging agents, including irradiation and most of the chemotherapeutic agents used in the clinic. Therefore, cancers with nonfunctional p53 are often unresponsive to conventional DNA-damaging therapies. Because approximately half of human cancers lack functional p53, compounds that can target both p53 wild-type and mutant/null cells are of particular interest. Thus, our results indicate that FBA-TPQ and its analogues may be used against a broad spectrum of cancers with different p53 status. In support of this, additional cell lines with p53 knocked out also responded to treatment with FBA-TPQ.
Given the inhibitory effects on the proliferation and induction of apoptosis in all of the cell lines and the increase in p53 in the p53 wild-type cells, it is possible that the downregulation of the MDM2 oncoprotein is, at least in part, responsible for the observed cytotoxic effects of FBA-TPQ. We and others have previously shown that MDM2 inhibition results in increased p53, decreased E2F1, decreased cell survival and proliferation, induction of cell cycle arrest, and an increase in apoptosis as well as in vivo antitumor effects (19, 20) . Moreover, MDM2 has numerous p53-independent effects that can be targeted for cancer therapy (21) .
Although the precise mechanism(s) of action of the compounds have yet to be elucidated, we have shown that their activity was associated with pathways involved in cell proliferation, cell cycle regulation, apoptosis, and the DNA damage response. We speculate that there are three major pathways involved: tumor suppressor activation, oncogene inhibition, and the DNA damage response. At present, it is unclear why the expression of Ataxia telangiectasi and Rad3 related is increased by the lower concentrations/doses of FBA-TPQ but decreased at the highest levels (0.75 μmol/L; 20 mg/kg). It is possible that there is feedback inhibition, or it may be that the length of time that the cells/tumors were exposed to the compound was enough to induce recovery from the damage (supported by the high level of p-H2AX observed at these doses; ref. 22) . Detailed investigations into the mechanism(s) of action will be carried out in future studies.
With respect to the potency of the compounds, our in vitro and in vivo results indicate that the concentration of compound necessary to produce anticancer activities, as illustrated by cell cytotoxicity assays, apoptosis assays, in vivo studies, and the effects on protein expression, is much lower than that of most reported natural products with shown chemopreventive and chemotherapeutic activities (23) .
In conclusion, we have synthesized several makaluvamine analogues and have shown that they have broad-spectrum anticancer activity. Further molecular, pharmacologic, and toxicologic studies are needed to elucidate the underlying mechanisms of action and to determine the optimal dose, route, and formulation for administering FBA-TPQ. These studies are important for further preclinical and clinical development of this class of compounds.
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